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The mediodorsal thalamus (MD) represents a fundamental subcortical relay to the
prefrontal cortex (PFC), and is thought to be highly implicated in modulation of
cognitive performance. Additionally, it undergoes highly conserved developmental stages,
which, when dysregulated, can have detrimental consequences. Embryonically, the MD
experiences a tremendous surge in neurogenesis and differentiation, and disruption of this
process may underlie the pathology in certain neurodevelopmental disorders. However,
during the postnatal period, a vast amount of cell loss in the MD occurs. These together
may represent an extended critical period for postnatal development, in which disturbances
in the normal growth or reduction of the MD afferents to the PFC, can result in PFC-
dependent cognitive, affective, or psychotic abnormalities. In this review, we explore
the current knowledge supporting this hypothesis of a protracted critical period, and
propose how developmental changes in the MD contribute to successful prefrontal cortical
development and function. Specifically, we elaborate on the unique properties of MD-
PFC connections compared with other thalamocortical afferents in sensory cortices,
examine how MD-PFC innervation modulates synaptic transmission in the local prefrontal
circuitry, and speculate on what occurs during postnatal development, particularly within
the early neonatal stage, as well as juvenile and adolescent periods. Finally, we discuss
the questions that remain and propose future experiments in order to provide perspective
and novel insights into the cause of neuropsychiatric disorders associated with MD-PFC
development.
Keywords: mediodorsal nucleus of thalamus, prefrontal cortex, development, cognitive function, psychiatric
disorders
INTRODUCTION
The prefrontal cortex (PFC) was originally defined as the
projection area of the mediodorsal (MD) thalamus (Rose and
Woolsey, 1948), and this was further confirmed with anatomical
studies in rodent (Guldin et al., 1981; Groenewegen, 1988; Uylings
et al., 2003) and primate brains (Goldman-Rakic and Porrino,
1985; Giguere and Goldman-Rakic, 1988). With its critical roles
in cognitive processes, such as working memory, attention, and
cognitive flexibility, illumination of the subcortical regulation of
the PFC is fundamental to further understanding these abilities.
More than a half-century since the initial observation of the MD’s
extensive reciprocal innervation of the PFC, numerous studies
have focused on understanding the role of the MD network in
cognitive function (see reviews, Kuroda et al., 1998; Ongür and
Price, 2000; Constantinidis and Procyk, 2004; Watanabe and
Funahashi, 2012; Baxter, 2013; Funahashi, 2013; Mitchell and
Chakraborty, 2013). However, the functional relevance of the
Abbreviations: AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid; GABA, gamma-aminobutyric acid; MD, mediodorsal nucleus of thala-
mus; NMDA, N-methyl-D-aspartate; PFC, prefrontal cortex.
MD-PFC circuitry has remained somewhat elusive, specifically
how developmental changes in the MD contribute to prefrontal
cortical development and function.
A recent study reported an excess of neurons in the human
newborn MD compared with that of the adult, suggesting a
potential role for extended developmental processes to regulate
cell survival in this region (Abitz et al., 2007). In rodents, dur-
ing the first postnatal week, MD afferent arrival precedes PFC
lamination, and thus has been hypothesized to be instrumen-
tal to proper differentiation, synaptic organization, and circuit
formation in the early neonatal stage (Van Eden, 1986). Yet,
behavioral data suggest that MD input is most critical in late
postnatal development, such as juvenile and adolescent peri-
ods, in which disturbance of MD activity can have deleterious
consequences for the execution of PFC-dependent functions like
working memory (Vicedomini et al., 1982). This raises the inter-
esting question of whether there is a time window in which
MD input is most influential for PFC development. Further, it
calls for a more detailed exploration of how MD activity is able
to shape the maturation of the PFC circuitry during postnatal
development.
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It is widely believed that cortical development is experience
and activity dependent. Thus, with the MD providing the
majority of excitatory innervation to the PFC, determining
how MD activity and afferent fibers affect the development of
executive functioning is of considerable importance. The advent
of advanced experimental techniques that allow for precise
dissection of whether and how a nodal dysfunction in a cognitive
circuit affects the development of certain mental attributes
represents an extremely exciting time for inquiry in this field.
With this in mind, we will return to the seminal anatomical and
lesion data that suggest an expanded window for the MD to
regulate PFC maturation. Using this as a guide, we will suggest
potential mechanisms through which the MD may affect PFC
development. Then, after discussing briefly what is known
about the MD’s involvement in cognition in adulthood, we will
propose experiments and discuss future directions in the realm of
understanding the MD thalamus and its role in the development
of successful PFC-associated cognition.
MD-PFC DEVELOPMENT
Using tract-tracing techniques, early studies indicate that in
rodents, MD fibers have arrived in the PFC by birth. These
fibers can be found densely coursing through the deeper cortical
levels, which will develop prior to the superficial layers. However,
what is most intriguing is the sizable projection present in the
upper cortical plate, what will later become layer III (Van Eden,
1986). This is in contrast to the developmental trajectory in
primary sensory cortices, where thalamocortical innervation
occurs days later around postnatal day 4 (P4; Wise and Jones,
1978). The majority of MD innervation of the PFC takes place
in layer III (Leonard, 1969; Krettek and Price, 1977). Given
that MD projection arrival predates the development of its
site of termination, it has been suggested that this innervation
may shape the future dendritic architectures of layer III PFC
neurons, more so than other thalamocortical afferents in primary
sensory cortices (van Eden et al., 1990). The density of this MD
projection will continue to increase until it peaks at P10, once
cortical differentiation of layer III occurs. However, in the early
juvenile stage, at P13, a profound reduction in innervation has
been reported through retrograde tract-tracing experiments in
mice (Rios and Villalobos, 2004). After P16, the mean average
shows a slight increase until P60, after which afferent density
remains relatively stable (Rios and Villalobos, 2004).
Notably, changes in the quantity of MD fibers appear to mirror
and precede volumetric alterations in the PFC, further suggest-
ing that the MD plays a critical regulatory role over prefrontal
cortical development (Van Eden and Uylings, 1985; Van Eden,
1986; Rios and Villalobos, 2004). Following just days behind the
arrival and subsequent increase in the density of MD afferent
terminals, the PFC undergoes a vast increase in volume (see
Figure 1), which peaks on average at P24 and P30, for medial
and orbital PFC, respectively. Then a decrease occurs in juvenile
PFC volume that follows an earlier decrease in the density of
MD thalamocortical innervation (Van Eden and Uylings, 1985;
Rios and Villalobos, 2004). Data suggest that this reduction in
volume may be a reflection of a loss of dendritic complexity
and spine density in PFC pyramidal neurons (Marmolejo et al.,
2012). This could stem from a refinement of the proper synaptic
contacts between the MD and PFC and axonal pruning in the
PFC local circuitry, resulting in a net reduction in PFC volume.
However, in humans, a profound reduction in MD neuronal
number is observed over development. Specifically, the total
quantity of neurons in the entire MD was an average of 41%
lower in the adult vs. the newborn brain (Abitz et al., 2007).
This is the first demonstration of a higher amount of neurons
in the neonatal MD compared with the adult, although whether
this is also the case for the rodent or primate brain is unclear.
Nonetheless, the development of PFC circuitry seemingly under
regulation of the MD, proceeds through specific developmental
stages or critical windows. This is an intriguing possibility, but
requires further experimentation in support of this claim. For
example, whether this pattern is seen similarly across species, as
well as demonstration of whether experimental reductions in MD
afferent density can disrupt these PFC fluctuations would need
to be explored. Whether PFC development is dictated through
reductions in MD cell density, afferent innervation, or both, the
ultimate mature phenotype of either structure is not attained until
early adulthood.
Early evidence from animal studies suggests that primary
sensory and motor cortices reach developmental maturity prior
to regions of association or higher-order cortex such as the
PFC (Guillery, 2005). Utilizing measures such as regional blood
flow and glucose metabolism, researchers have demonstrated
that similarly in humans, the frontal regions show a delayed
maturation in comparison with sensorimotor areas (Chiron et al.,
1992; Chugani, 1998). Thalamocortical synaptic connectivity
in the PFC continues to increase into the late teens (Alkonyi
et al., 2011), while myelination, a marker of mature axons, has
been suggested to not be complete until the fourth decade of life
(Yaklovev and Lecours, 1967). While all regions seem to proceed
through distinct phases, including an overproduction of spines
and a subsequent reduction, this process is elongated in the PFC.
Additionally, the magnitude of this overproduction is exaggerated
in the PFC with a tremendous excess in spine number, as well as a
slower rate of pruning (Elston et al., 2009). This significant delay
is critical because it creates a protracted window for neuronal
activity from other brain regions, such as the MD, to mold the
development of the PFC (Kolb et al., 2012). It may even allow
for greater levels of metaplasticity (a form of activity-dependent
changes in neural functions that modulate subsequent synaptic
plasticity) than regions with shorter developmental windows
(e.g., primary sensory cortices). Through allowing for such a
high level of overproduction, there is an enormous potential
for experience and environmental influences to affect how the
PFC will mature. However, this creates a double-edged sword,
given that the PFC needs this plasticity to allow for maximal
development of higher order cognitive functions, but it also
leaves this brain region in a delicate position to be more easily
compromised by various insults, such as stress. This highlights
an important window from birth to early adulthood, wherein
developmental insults may dysregulate the proper pattern of
reciprocal innervation between the MD and PFC.
Accordingly, disturbances localized at both nodes along this
pathway have been demonstrated to be present in different
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FIGURE 1 | Timeline of the developmental trajectory of MD afferent
density and PFC volume in the rodent PFC. Dashed black line—MD
afferent density to the PFC, solid black line—PFC volume. MD afferent arrival
precedes the differentiation and lamination of layer III; the density of this
projection increases through P10, then decreases sharply at P13, and
stabilizes by P60. PFC volume begins increasing at P5, reaching its peak
around P27, dropping rapidly around P30, and then decreasing gradually until
P90. Given that the PFC volumetric changes follow closely behind the density
dynamics of inputs from the MD, this may suggest a regulatory relationship
of MD innervation on PFC development. This summary graph is based on the
previous publications (Van Eden and Uylings, 1985; Van Eden, 1986; Rios and
Villalobos, 2004).
psychiatric disorders of potential developmental origin, such
as schizophrenia, autism, and depression. Yet, how the MD-
PFC connections are affected in the disease state remains to be
determined. For example, MD thalamic volume or cell num-
ber (Pakkenberg, 1990; Popken et al., 2000; Young et al., 2000)
and activity dysregulation (Andrews et al., 2006; Minzenberg
et al., 2009) have been implicated in schizophrenia neuropathol-
ogy. Thus, it has been speculated that decreases in MD activ-
ity could result in a loss of synaptic drive to the PFC early
in development, leading to a decrease in PFC synaptic density
(Minzenberg and Carter, 2012). This hypoinnervation may also
underlie the gray matter reductions that have been observed
in schizophrenic patients in adulthood (Zipursky et al., 1992;
Schlaepfer et al., 1994). Conversely, the reverse situation could
be hypothesized, where there is an overactive thalamocortical
drive to the PFC, leading to a failure of normal developmental
synaptic pruning, as has been demonstrated recently to take
place in autism (Tang et al., 2014), i.e., a hyperconnectivity
in the PFC (Belmonte et al., 2004). Concurrently, research
points to a correlation between thalamus and total brain vol-
ume that is preserved in healthy controls and children with
autism (Hardan et al., 2008), but lost in samples that incor-
porate adults with the disease (Tsatsanis et al., 2003; Hardan
et al., 2006). However, interpretation of these findings becomes
difficult in light of imaging data demonstrating a hypoacti-
vation of the thalamus that occurs in autism spectrum dis-
orders (Buchsbaum et al., 1992; Baron-Cohen et al., 1999).
Although the nature of the thalamic disruption in autism is
unclear, there seems to be a dysregulation of the normal recip-
rocal synaptic relationship between the thalamus in the cor-
tex that occurs during development (Fair et al., 2010; Righi
et al., 2014). If MD afferent quantity is strictly coordinat-
ing PFC synaptic density, hypothetically, thalamic abnormalities
could disrupt the normal developmental reduction in synapse
number resulting in an over-pruning or under-pruning and
compromising PFC function (see Figure 2). Thus, it is crit-
ical to illuminate what specific alterations in MD-PFC con-
nections occur in the disease condition to better elucidate
how these changes contribute to PFC-dependent behavioral
deficits.
MD-PFC CONNECTIVITY
The rodent MD is delineated into four major regions, central,
medial, lateral, and paralamellar (Krettek and Price, 1977), but
can be more broadly grouped into the central/medial and lateral
regions (Van Eden, 1986). Similarly, in primates, there is a medial
magnocellular portion (MDmc), a lateral parvocellular subdi-
vision (MDpc), but also a lateral multiformis and densocellu-
lar portion (Goldman-Rakic and Porrino, 1985; Giguere and
Goldman-Rakic, 1988; Barbas et al., 1991). The MDmc targets
areas more medially situated in the PFC, such as the ventral
and medial PFC, while the MDpc innervates the dorsolateral and
dorsomedial areas (Giguere and Goldman-Rakic, 1988; Barbas
et al., 1991). As mentioned, these afferents innervate primarily
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FIGURE 2 | Schematic illustrations to depict the MD-PFC afferents and
synaptic pruning under both normal and abnormal developmental
conditions. The arrow sizes represent the relative numbers/densities of
MD-PFC afferent fibers; whereas the number of dendritic branches in the PFC
pyramidal neurons reflect changes in synaptic density and dendritic
complexity. During normal development, both thalamocortical afferent fibers
and dendritic branches of pyramidal neurons in the PFC are underdeveloped
in the early neonate, over-produced during the juvenile and adolescent
periods, and then reduced to normal levels in adulthood by eliminating the
excess presynaptic axonal arbors (thalamocortical fibers) and/or postsynaptic
dendrites. In contrast, as speculated, decreases in MD activity could result in
a loss of synaptic drive to the PFC early in development, leading to a
decrease in synaptic density, as is observed in patients with schizophrenia.
Conversely, a presumably overactive thalamocortical drive to the PFC, could
lead to a failure of the normal developmental synaptic pruning, resulting in
increased spine density or hyperconnectivity, as demonstrated in autism.
layer III, but also sparsely layer I (in rodents) and layer IV
(in primates), while reciprocal connections originate from layer
VI and V (Krettek and Price, 1977; Van Eden, 1986; Giguere
and Goldman-Rakic, 1988; Groenewegen, 1988). Interestingly, in
rodents, the destinations of these different MD areas show distinct
developmental patterns, further strengthening the possibility of
MD activity regulating the maturation of its target region. The
medial MD innervates the prelimbic, dorsal and ventral agranular
insular cortex, and these regions show a peak in volumetric
density six days prior to the dorsal anterior cingulate cortex
(dACC) and medial precentral cortex, areas innervated by the
lateral MD (Van Eden, 1986). PFC axons intended for the MD
form reciprocal connections between P4 and P10, prior to the
peak and later decrease in PFC volume (Van Eden, 1986). This
reciprocal innervation is mediated by glutamatergic neurotrans-
mission between the two regions (Pirot et al., 1994; Sherman,
2014).
MD projections synapse directly onto apical dendrites of
pyramidal neurons in the PFC (Kuroda et al., 1995; Négyessy
et al., 1998). This would imply that coincident with functional
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synaptic activity, there is the capacity for glutamate release
to cause α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and N-methyl-D-aspartate (NMDA) facilitated depo-
larization of PFC neurons. Given that cortical development
is believed to be activity-dependent (Katz and Shatz, 1996;
Catalano et al., 1997), it is likely that the MD’s glutamater-
gic innervation has functional consequences for the matura-
tion of PFC neurotransmission, and this will be elaborated
upon in the following sections. Through neuronal processes
such as activity-dependent upregulation of the expression of
certain neurotrophins like brain derived neurotrophic factor
(BDNF; Lu, 2003), as well as NMDA-mediated facilitation of
calcium influx and subsequent intracellular signaling cascades
(Marmolejo et al., 2012), the MD is in a position to exert
a critical regulatory role over plasticity and maturation in
the PFC.
EFFECTS OF MD-PFC AFFERENTS ON EXCITATORY
NEUROTRANSMISSION IN THE PFC
Synapse development, fine-tuning, and maintenance are heavily
reliant on early developmental activity (Goodman and Shatz,
1993). NMDA receptor (NMDAR) function in the PFC, which
is pivotal in these processes, is widely recognized as operating
importantly in cognitive abilities (Wang et al., 2008, 2013), as
well as being linked to cognitive dysfunction in schizophrenia
(Snyder and Gao, 2013). During development, NMDARs undergo
a developmental shift where the decay time of NMDAR-evoked
excitatory currents shortens (Sheng et al., 1994; Flint et al., 1997).
Underlying this decrease in NMDAR current decay time is a shift
in subunit expression, particularly a switch between the NR2B
and NR2A subunit (Monyer et al., 1994). Further, this shift is
activity-dependent and is correlated with associative learning.
Thus, disruption of early activity prevents this normal maturation
(Carmignoto and Vicini, 1992) and learning capability (Dumas,
2005). Given this evidence, it is possible that MD glutamatergic
innervation of the PFC helps to facilitate the activation and
maturation of NMDARs in the PFC, and thus is critical in plas-
ticity and synapse refinement underlying learning and memory
processes.
Data from sensory cortices suggest that a loss of excitatory
input would impair the developmental progression of excita-
tory synapse refinement (Catalano et al., 1997; Quinlan et al.,
1999). However, NMDAR development in the PFC appears to
be unique and specialized, differing from other cortical areas.
Specifically, the PFC lacks a significant NR2B to NR2A sub-
unit switch during development, with the adult level of NR2B-
containing NMDARs significantly higher than that of the primary
visual cortex (Wang et al., 2008). Thus, the implications for
MD disruption on excitatory neurotransmission in the PFC are
likely complex and distinct from what occurs in other cortical
areas. The effects of a lesion or reduced activity in the MD
on PFC NMDAR maturation have yet to be studied, and this
certainly represents a vital inquiry to be explored. At present,
it remains unclear how MD-PFC afferents shape PFC circuit
formation and maintain the excitatory/inhibitory (E/I) balance
during development.
EFFECTS OF MD-PFC AFFERENTS ON INHIBITORY
NEUROTRANSMISSION IN THE PFC
Gamma-aminobutyric acid (GABA)-ergic neurotransmission fol-
lows a developmental trajectory in which GABA release from
immature neurons onto a post-synaptic cell results in an exci-
tatory depolarization of neurons during the first postnatal week
(Ben-Ari et al., 1989; Staley et al., 1995; Owens et al., 1996;
Dammerman et al., 2000). This excitation is a product of the
distribution of the chloride (Cl-) pumps, Na-K-Cl cotransporter
(NKCC1) and potassium-chloride transporter member 5 (aka:
KCC2), that pump negatively charged Cl- into and out of the cell
respectively. Early in development there is an upregulation of the
expression of KCC2, causing a substantial increase in Cl- extru-
sion from the cell (Lu et al., 1999; Rivera et al., 1999). Thus, when
GABA binds GABAA receptors, Cl- rushes into the cell, causing
hyperpolarization. It has been suggested that the fast inhibitory
synaptic neurotransmission facilitated by the release of GABA,
specifically from fast-spiking inhibitory interneurons, may help
generate oscillations in groups of neurons that underlie certain
types of cognitive performance, such as working memory and
attention (Gonzalez-Burgos and Lewis, 2008). Indeed, that would
make proper regulation of this shift of GABA’s reversal potential
(EGABA) in the PFC from a depolarized to a hyperpolarized
potential, critical for proper development of cognitive abilities.
A crucial role for GABA neurotransmission in facilitating neu-
rodevelopment has been emerging in the developmental literature
(Barker et al., 1998; Owens and Kriegstein, 2002). Functional
GABAA receptors are present embryonically (Métin et al., 2000)
and it has been demonstrated that these receptors have a higher
affinity for GABA and are less vulnerable to early desensitization
relative to their adult counterparts (Owens et al., 1999). Further,
in the developing cortex, GABAergic synapses constitute almost
half of all synaptic junctions (De Felipe et al., 1997). This allows
for spontaneous GABA release perinatally to have profound phys-
iological effects on neurons expressing GABA receptors, and also
to act as a potent signaling molecule in neuronal development
(Wolff et al., 1978). Moreover, it suggests that afferent drive of
GABAergic neurons in the PFC may play a significant role in shap-
ing the prolonged development of the PFC. Yet, this assumption
remains to be directly examined.
MD projections target both glutamatergic pyramidal neurons
and GABAergic interneurons in the PFC (Kuroda et al., 2004;
Negyessy and Goldman-Rakic, 2005; Rotaru et al., 2005). This
has implications when considering facilitation of GABAergic
activity in the mature PFC, but also has important consequences
for investigating the neurodevelopment of prefrontal inhibitory
circuitry. Data suggests that GABA release in the early developing
cortex is able to facilitate the transition of cellular responses
to GABA from depolarizing to hyperpolarizing (Ganguly
et al., 2001). Although this is mainly hypothesized to be an
action potential-independent process (Ganguly et al., 2001),
depolarization of GABAergic interneurons by thalamocortical
afferents may increase the likelihood of this spontaneous release.
Although controversial (Leinekugel et al., 1995; Ben-Ari et al.,
1997), AMPA receptor-mediated excitation has been shown to
play a role in the facilitation of GABA-induced depolarization.
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Thus, the MD could provide a portion of the excitatory drive
to GABA interneurons, helping developmentally regulate the
maturation of GABAergic neurotransmission in the PFC.
Coincidentally, the increase in spontaneous GABAergic currents
corresponds with the significant increase in MD innervation of
the PFC, and peaks when this afferent input is at its greatest
height (Van Eden, 1986; Ben-Ari et al., 1989). This is purely
speculative, however, and further experimentation, including
repetition of these experiments in PFC neurons in vivo and ex
vivo throughout development, would be necessary to support this
hypothesis. If the MD is indeed facilitating this GABA shift, this
would have profound consequences for functional connectivity in
the PFC, and cognitive abilities that rely heavily on GABA-driven
network activity, as well as the E/I balance in the PFC circuitry.
LESIONS AND THEIR IMPLICATIONS FOR MD-PFC
DEVELOPMENT
The MD has been implicated in a number of neuropathological
diseases, such as schizophrenia, autism, and depression. When
you consider MD disruption in the context of the late maturity of
the PFC, it has fundamental ontogenic implications. To explore
these questions, a number of researchers have employed an array
of lesion methods at various points in development and have
studied the effects on PFC-dependent functions.
Strengthening the claim that the MD regulates PFC function in
adulthood is the plethora of data indicating that lesions of the MD
result in deficits in PFC-dependent abilities. For example, MD
lesions impair performance in various tasks that measure working
memory and executive function, such as the T-maze, radial maze,
and set-shifting (Winocur, 1985; Stokes and Best, 1988; Hunt and
Aggleton, 1991; Block et al., 2007). However, for many of these
cognitive tasks, there are negative data suggesting just the oppo-
site: the MD functions minimally in the execution of these abilities
(Beracochea et al., 1989; Neave et al., 1993). These contradictory
results could partially be attributed to the variety of the methods
used for employing these lesions in early studies. However, the
development of more sophisticated lesioning methodology has
painted a clearer picture of MD function in the recent decades.
Data regarding subregion specificity of deficits is less robust in
rodents, given that the majority of studies employ bilateral lesions
of the structure in its entirety. However, in primates the relatively
well-delineated boundaries of the MD have allowed for localized
lesions and demonstration of specific patterns of deficits. For
example, excitotoxic and neurotoxic lesions of the MDmc result
in deficits in reinforcer devaluation and scene learning, skills that
depend on an intact orbital frontal cortex, the recipient of MDmc
fibers (Mitchell et al., 2007a,b). The dlPFC is implicated heavily in
working memory processes, and accordingly, lesions involving the
lateral MD cause impairments in spatial delayed alternation and
delay-response tasks. Additionally, lateral MD neurons seem to
represent cue, delay, and response related information necessary
for performing a delayed-response task (Tanibuchi and Goldman-
Rakic, 2003). Data such as this led to the dogma that the MD is
simply relaying information from its extensive afferent network
for use by the PFC for execution of cognitive tasks.
Obfuscating this simple congruity of major MD sub-region to
its primary cortical target, however, is data indicating that medial
MD lesions also cause deficits in delayed non-match to sample
tasks, a measure of working memory. In addition, deficits seen
following lesions seem to apply more heavily to the integration
of newly learned rules or information necessary for completion
of tasks, and not re-application of previously learned rules or
strategies, which are affected by compromising the function of
the corresponding MD projection regions. For example, MDm
lesions do not impair retention of pre-operatively learned scenes
in a scene learning task, but animals show significant deficits
when learning novel scenes (Mitchell et al., 2008; Mitchell and
Gaffan, 2008). A similar pattern may exist with strategy imple-
mentation as well (Mitchell et al., 2007a). Parallels are also seen
in humans with diencephalic damage; patients with lesions which
are restricted to the thalamus show fewer instances of retrograde
amnesia (Baxter, 2013). This suggests, that the MD generally
may play a stronger role in integration and processing of novel
information for use by the PFC, challenging the long-standing
hypothesis of its function as a passive relay. This topic has been
discussed thoroughly in many recent excellent reviews (Baxter,
2013; Funahashi, 2013; Mitchell and Chakraborty, 2013).
An emerging thread in early research, that has been left
somewhat dormant in the recent years is exploring differential
outcomes of lesions of both the PFC and MD at varying devel-
opmental timepoints. Conclusions from this pioneering work
suggest that age at time of lesion is critical, and has important
implications for cortical reorganization as well as functional
recovery (Kolb and Gibb, 2007). Based on the timeline of MD-
PFC development, it is not difficult to hypothesize that morpho-
logical changes and the extent of functional alterations would be
an age-dependent phenomenon.
EFFECTS OF LESIONS OF THE PFC ACROSS DEVELOPMENT ON MD-PFC
CONNECTIONS
Early studies suggested that frontal lesions in adult rodents
resulted in substantial cognitive impairment, while animals with
damage inflicted in early postnatal development had a much
greater propensity for functional recovery (Kolb and Nonneman,
1978; Nonneman and Corwin, 1981). Correspondingly in pri-
mates, juvenile and adolescent lesions, specifically of the dlPFC,
result in a profound impairment in delayed alternation perfor-
mance (Goldman and Galkin, 1978), a behavior which is spared
in prenatally lesioned animals. However, in an elegant series
of experiments carried out by Kolb and colleagues, researchers
demonstrated that there is a critical period that occurs during
the second postnatal week in rats, within which the brain
has a tremendous capability for recovery of connectivity and
function following lesions. In contrast, prior to and following
this time window, animals show profound impairment of PFC
dependent abilities (Kolb and Gibb, 1990; Kolb et al., 1996,
1998). In concert, it was demonstrated following frontal lesions
during this critical period in both rats and primates, coinci-
dent with functional recovery, there was a lack of retrograde
degeneration observed in the MD (Goldman and Galkin, 1978;
Kolb and Nonneman, 1978). In fact, van Eden et al. reported
that in neonatally lesioned animals, MD neuronal cell density
was significantly increased. However, after lesions in adults,
when animals present with cognitive impairments, a significant
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degeneration of MD thalamic neurons has been observed (Kolb
et al., 1974; Goldman and Galkin, 1978). This finding led to
the hypothesis that the MD may be underlying sparing of PFC-
dependent function observed in younger animals (Kolb and
Nonneman, 1978). However, others were unable to demon-
strate a reorganization of thalamocortical fibers following neona-
tal prefrontal lesions (de Brabander et al., 1991; Kolb et al.,
1994).
Still, this does not rule out the ability of the MD to regulate
PFC development and facilitate functional recovery following
PFC lesions. The lack of MD neuronal loss following frontal
damage that occurs in younger animals, the period in which
functional recovery is the most substantial, lends credence to
this claim (Goldman and Galkin, 1978; Kolb and Nonneman,
1978; Nonneman and Corwin, 1981). A failure to reorganize
projections does not imply that the remaining MD projections
do not play a role in sustaining cognitive function. Accordingly,
an increase in dendritic complexity in other projection areas has
been observed, which may function in rendering PFC-lesioned
animals indistinguishable from controls in cognitive tasks (Kolb
et al., 1994).
EFFECTS OF LESIONS OF THE MD ACROSS DEVELOPMENT ON MD-PFC
CONNECTIONS
Unlike the PFC, early neonatal lesions (P1) of the MD produce
negligible deficits in working memory (van Eden et al., 1994).
The timing of this lesion prior to the substantial increase in
the density of this projection (Van Eden, 1986) may allow for
an ample compensation from other thalamic inputs, but this
is purely speculative. Similar to PFC lesions occurring in the
second postnatal week, however, MD disruption at P8–P10 also
results in normal performance in spatial alternation behavior
(Vicedomini et al., 1982). Interestingly though, despite the lack
of working memory deficits in adulthood, early developmental
disruption of the MD at P4 leads to a significant reduction in
both the amount of dendrites and dendritic spines in the PFC
(Marmolejo et al., 2012). This finding suggests that there may
be subtler alterations in PFC synaptic connectivity, which may
manifest itself in impairments in more cognitively taxing PFC-
dependent tasks such as attentional set-shifting or the five-choice
serial reaction task. Nonetheless, interruption of MD function at
later points, from the juvenile stage onward results in profound
deficits in spatial alternation behavior, and a wealth of other
behavioral tasks, suggesting the later stages of PFC maturation
rely heavily on the MD’s excitatory innervation (Vicedomini et al.,
1982).
FUTURE DIRECTIONS AND INSIGHTS
The rise of the use of cutting edge techniques represents an
exciting point in the exploration of the role the MD plays in
PFC development. With the advent of optogenetics allowing for
temporal control of cellular populations with millisecond pre-
cision (Boyden et al., 2005), this allows researchers to answer
important questions about how the MD is functioning in certain
PFC-dependent abilities in an acute manner. For example, this
may endow researchers to answer with more certainty the depth
of the MD’s role in regulating important cognitive functions in
adulthood, for which the data thus far has not been entirely
consistent. A particular interest is the use of Designer Receptors
Exclusively Activated by Designer Drugs (DREADDs; Armbruster
et al., 2007; Alexander et al., 2009) for probing PFC circuit func-
tion. This novel technology allows for pharmacogenetic down-
regulation of specific populations of cells, such as those in the
MD. It utilizes ligand-driven activation of receptors, with a drug
that can exert its pharmacological action for hours, without the
need of continuous light or electrical stimulation. This provides
an advantage when exploring the effects of subchronic inhibition
in distinct developmental periods. Interestingly, a recent elegant
study reported that inhibition of the MD with DREADDs in
adult rats can disrupt thalamocortical connectivity and PFC-
dependent cognition (Parnaudeau et al., 2013). Following this
approach, researchers can begin to explore the major ques-
tions raised by this review. Primarily, is MD activity necessary
for normal PFC development in the early neonatal period, as
anatomical data might suggest? Outputs could include behavior,
electrophysiology, as well as biochemical assays. How does MD
inhibition in early development affect executive functioning in
adulthood? Researchers could also explore the consequences of
MD inhibition for single cell activity in the PFC using whole-
cell recordings, or groups of neurons while performing cognitive
tasks using in vivo recordings. This would allow for the precise
correlation of neuronal firing patterns with varying levels of cog-
nitive performance, potentially highlighting targets for rescue of
cognitive ability. At a more global level, oscillations and synchrony
could be monitored to answer whether early MD dysregulation
results in changes in frontal synchrony coincident with behavioral
impairment in adulthood. Finally, with each of these avenues is
an opportunity for the systematic exploration of the underlying
pathological mechanisms associated with these changes in func-
tion and physiological activity. Thus, an investigation of changes
in certain enzymes and receptor distribution, such as those related
to excitatory and inhibitory synaptic transmission and plastic-
ity using biochemical assays would be warranted as well. It is
critical to explore how MD inhibition affects the maturation of
particular receptors and their subtype components in the PFC
local circuitry, such as AMPARs, NMDARs or GABARs, all of
which are linked to successful PFC-dependent cognitive function.
Through this exploration, we can provide important insights
into the role of the MD in development of the PFC and related
cognitive abilities, and provide novel approaches and targets for
the treatment of neurodevelopmental disorders with which MD
dysfunction is associated.
In summary, the MD represents a fundamental subcortical
relay to the PFC, and is highly implicated in modulation of
PFC-dependent cognitive and executive abilities. Further, more
recent research challenges the dogma of its role as a passive relay,
suggesting it has an important function in the integration of
newly learned information for use by the PFC. If this is correct,
this underscores the importance of this brain region as a cog-
nitive center, lessening the likelihood of early MD dysregulation
being without consequence for PFC maturation. As mentioned,
we hypothesize that MD afferent activity may be important in
regulation of PFC development earlier than previous data has
indicated. Afferent fibers are present prior to thalamocortical
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afferents in sensory cortices while reductions in cell number and
afferent density have been reported to occur into the juvenile stage
and adolescence (Van Eden, 1986; Abitz et al., 2007). This may
represent an extended critical period for postnatal development,
in which disturbances in the normal growth or decrease of MD
afferents can result in PFC-dependent cognitive, affective, or psy-
chotic abnormalities. Therefore, it is imperative for us to further
explore how developmental changes in the MD contribute to
successful prefrontal cortical development and function. Specif-
ically, it is important to better elucidate the unique properties
of MD-PFC connections compared with other thalamocortical
afferents in sensory cortices, and to examine how MD-PFC
innervation affects synaptic transmission and E/I balance in the
local prefrontal circuitry. Finally, we must explore the functional
importance of MD-PFC connections in psychiatric disorders such
as autism, depression, attention deficit hyperactivity disorder, and
schizophrenia. It is our belief that answering these questions will
not only enhance our understanding of the MD and PFC function
in normal cognition, but also provide perspectives into the cause
and pathophysiological processes of neuropsychiatric disorders
linked with MD-PFC development.
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